TlCu 2 O 2 , a mixed-valence spin-chain cuprate, was synthesized in a piston cylinder system starting from thallium sesquioxide Tl 2 O 3 , cuprous oxide Cu 2 O and copper powder. The main structural characteristics are edge-sharing (CuO 2 ) n zigzag chains, which are linked in the perpendicular crystallographic direction by Cu + to form
Introduction
The main structural characteristic of spin-chain cuprates are (CuO 2 ) n chains formed by edge-sharing [CuO 4 ] nunits, with Cu 2+ ions with magnetic spin 1/2 in square planar oxygen environment. The combination of these anionic chains with the respective charge compensating counter cations, such as lithium ions in the lithium cuprate(II) Li 2 CuO 2 (Figure 1a ), leads to an overall three-dimensional (3D) structure. [1] In mixed-valence spin-chain cuprates(I,II), besides the Cu 2+ ions in (CuO 2 ) n chains, Cu + ions in linear oxygen environment are found in the crystal structure. These copper-oxygen dumbbells are interconnecting the (CuO 2 ) n chains to higher dimensional polyoxometalates.
This connection of the (CuO 2 ) n chains via Cu + ions is realized in the isostructural compounds LiCu 2 O 2 [2] and NaCu 2 O 2 . [3] Chains of square planar [CuO 4 ] nalong the crystallographic a and b directions are connected by Cu + ions along the c direction ( Figure 1b ). The overall arrangement is that of alternating two-dimensional wave-like sheets in two directions.
TlCu 2 O 2 is another mixed-valence cuprate(I,II), where the (CuO 2 ) n spin-chains are likewise connected by Cu + ions. [4] In contrast to LiCu 2 O 2 , the (CuO 2 ) n are forming zigzag chains in 1 a three-dimensional network. Data from magnetic susceptibility and specific heat measurements show features typical for low-dimensional magnetic exchange interactions. The long-range antiferromagnetic ordering is observed at T N = 19.7 K. No weak ferromagnetic component can be detected, suggesting a plain Néel-type spin-ordered structure. Color code: copper(II) turquoise-blue (bright), copper(I) petrol-blue (dark), oxygen red, lithium and thallium grey, respectively. The outline of the unit cell is shown in green. TlCu 2 O 2 due to the larger charge compensating cation Tl + . The zigzag (CuO 2 ) n chains along the crystallographic a-direction are connected along the c direction, resulting in a three-dimensional network (Figure 2a ). Especially interesting is that Tl + is not only significantly larger than Li + , but also carries a lone s-electron pair. Therefore, TlCu 2 O 2 is also interesting in the context of the inert pair effect, referring to the stabilization of the 6s-electron pair due to the lanthanide contraction and relativistic effects.
Spin-chain cuprates display a surprisingly rich diversity of magnetic ground states. In edge-sharing cuprate chains the most important exchange interactions are those between nearest (J 1 ) and next nearest (J 2 ) neighbors within the chain. [5] In contrast to the uniform S = 1/2 Heisenberg antiferromagnetic (afm) chain, [6] the J 1 is most often ferromagnetic (fm, J 1 Ͻ 0) whereas J 2 is afm (J 2 Ͼ 0). Thus, there are competing interac- Figure 2 . Two projections of the crystal structure of TlCu 2 O 2 . In (b) the nearest-neighbor interaction J 1 and the next-nearest-neighbor interaction J 2 are indicated along the chain. The magnetic interaction between the chains is denoted as J 3 . The color code is the same as in Figure 1 .
tions leading to frustration of the magnetic moments. In real systems, the ratio α = -J 2 /J 1 is observed to vary in a wide range. The 3D long-range ordered spin structure and the ordering temperature (T N ) is however determined by several weaker inter-chain interactions (J 3 , J 4 , …), anisotropic interactions and the strength of the spin-lattice coupling. [7] While Li 2 CuO 2 exhibits a collinear commensurate afm interchain with fm in-chain ordering below 9 K, [8] a competition of the above-mentioned influences leads to an incommensurate helimagnetic ground state in the mixed-valence relative LiCu 2 O 2 . [9] For the isostructural NaCu 2 O 2 an elliptical helical ordered structure was observed. [10] Such helicoidal magnetic order may give rise to a multiferroic state (weak fm and ferroelectic order), as found for LiCu 2 O 2 [11] and LiCuVO 4 [12] while for NaCu 2 O 2 a helicoidal order but no ferroelectricity was detected. [13] The absence of a macroscopic electrical polarization may be due to an antiferroelectric state which is allowed in one of the above-mentioned helical magnetic structures. [10b] These investigations have attracted considerable interest, and the basics with respect to synthesis [2] [3] 14] and to physical properties [7, [9] [10] [11] 13] of LiCu 2 O 2 and NaCu 2 O 2 have been conclusively revealed.
The synthesis of well-defined mixed-valence cuprates is a challenging task. One of the reasons are defects, which are especially dominant in case of the lithium-containing cuprates such as LiCu 2 O 2 due to Li-Cu inter-substitution. [10b] For the title compound TlCu 2 O 2 neither synthesis of bulk material nor any physical data have become available so far. The surprising differences of the magnetic interactions in the various spinchain cuprates known motivated us to study the physical properties of the structurally related TlCu 2 O 2 . Besides the difference in sizes of the counter cations and the topology of the (CuO 2 ) n chains, TlCu 2 O 2 might show additional effects due the filled 6s-orbital of Tl + and the resulting inert-pair effect. In this structural framework, the thallium ions display the sur-Z. Anorg. Allg. Chem. 2020, 1-5 www.zaac.wiley-vch.de prisingly low coordination number of two, with the s-electron pairs pointing at each other. [4] 
Results and Discussion
The synthesis of TlCu 2 O 2 was performed applying hydrostatic pressure in a piston cylinder system, starting from thallium sesquioxide Tl 2 O 3 , cuprous oxide Cu 2 O and copper powder. The product obtained in an optimized synthesis protocol still contained a considerable amount of Cu 2 O and traces of Cu by-phases. A respective two-phase Rietveld refinement (Supporting Information) confirmed earlier reported lattice parameters [4] (see Table 1 ). In this work we focus on the magnetic ordering in The magnetic susceptibility χ(T) of TlCu 2 O 2 (Figure 3 ) may be described by the Curie-Weiss-law at high temperatures. After subtraction of the sum of diamagnetic increments, a fit in the range 250 K Ͻ T Ͻ 350 K results in an effective magnetic moment of μ eff = 2.00 μ B and θ CW = -77(2) K, thus, in a value typical for one Cu 2+ (S = 1/2) ion per formula unit. At lower temperature, χ(T) deviates from this behavior and at T max ≈ 
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K a broad maximum is observed. Such a maximum in χ(T)
is the hallmark of low-dimensional magnetic exchange in the compound, although it is not possible to derive the sign and value of, e.g. J 1 , from θ CW . [8] Below T max , χ(T) decreases to about 70 % of the maximum value. In the derivative d(χT)/dT (Fisher's heat capacity, Figure 3 inset) a sharp peak at T N ≈ 20.0 K becomes noticeable. This anomaly marks the longrange afm ordering of the Cu 2+ spins. In measurements at low applied fields (e.g., μ 0 H = 0.01 T, see Supporting Information) there is no indication for any weak ferromagnetism below T N . Measurement with increasing and decreasing temperature shows the transition to occur at the same temperature suggesting a negligible magnetoelastic coupling in TlCu 2 O 2 . No further phase transitions are observed in the temperature range investigated here (1.8-350 K), however, in an isothermal magnetization loop measured at T = 1.82 K (see Supporting Information) indications for field-induced transitions are seen.
The temperature dependence of the specific heat c p /T of TlCu 2 O 2 is shown in Figure 4 . Below 5 K, c p (T) is well described by the standard ansatz c p (T) = γT + βT 3 . The fit results in γ = -0.2(3) mJ·mol -1 ·K -2 , i.e., γ = 0, consistent with the insulating character of TlCu 2 O 2 , and β = 3.1 mJ·mol -1 ·K -4 . Please note that the βT 3 term is due to the thermal excitation of both lattice phonons and afm magnons. More interesting is the sharp lambda-type peak at T N = 19.7 K, corroborating the long-range (antiferro-)magnetic order at this temperature. In order to obtain the magnetic contribution to the specific heat, the lattice contribution needs to be estimated (total c p = c lat + c mag ). Since no nonmagnetic reference compound is available, a reasonable Debye model was constructed. It is expected that above T N the magnetic short-range order contribution c mag decreases slowly, and thus c lat has to join smoothly the experimental c tot (T) curve well above the transition (cf. Figure 4 ). The magnetic entropy S mag (T) is calculated by integrating c mag /T. As can be seen in Figure 4 , for T ϾϾ T N it approaches the value R ln 2, as expected for the magnetic order of one S = 1/2 ion per formula unit (R = N A k B is the gas constant). 
Conclusions
TlCu 2 O 2 , a mixed-valence spin-chain cuprate, was synthesized for the first time as a bulk material via a new synthesis route using a piston cylinder system. The reaction product was obtained as air-sensitive, microcrystalline grey powder with cuprous oxide Cu 2 O as a secondary phase. The results of crystal structure refinement on powder X-ray diffraction data is in agreement with the published crystal structure solved from single-crystal data, featuring buckled edge-sharing (CuO 2 ) n chains connected by Cu + ions. While in some Li-containing mixed-valency cuprates, due to their similar ionic radii, lithium is observed on the Cu I site and gives rise to significant disorder, the much larger Tl + ion is not able to substitute Cu + .
The magnetic susceptibility and specific heat data indicate antiferromagnetic spin ordering below a Néel temperature of T N = 19.7 K. The Néel temperature is twice as large as observed for NaCu 2 O 2 but very similar to that of LiCu 2 O 2 . [7, [9] [10] [11] 13] Since the long-range ordering temperature is determined by the magnitude of the interchain magnetic exchange such as J 3 , it can be concluded that such couplings in TlCu 2 O 2 and LiCu 2 O 2 are of comparable strength. However, from a crystal chemical point of view the Tl compound appears to have a more three-dimensional character than the Li counterpart. Moreover, no weak ferromagnetic component was detected for the ordered spin structure down to T min = 1.8 K, eventually suggesting a simple commensurate Néel-type ordering of the Cu 2+ spins in TlCu 2 O 2 (no canting of spins). This is in contrast to observations in several edge-shared chain cuprates. [7] Further confirmation requires the detailed determination of the ordered structure and moment size by neutron diffraction.
Experimental Section
TlCu 2 O 2 was synthesized in a high-pressure/high-temperature reaction using a piston-cylinder press. In an argon glove box, thallium sesquioxide Tl 2 O 3 (Alfa Aesar, 99,99 %), cuprous oxide Cu 2 O (Sigma Aldrich, 99,9 %) and copper powder (Alfa Aesar, 99,999 %) were mixed in ratios according to Equation (1), thoroughly ground and tightly filled into a gold crucible, which was closed airtight via cold welding. In a piston-cylinder press, a pressure of 2 GPa was applied before heating to 673 K with 100 K·h -1 . The system was annealed for 50 h and cooled to room temperature with 10 K·h -1 before releasing the pressure. The crucible was opened in a glove box by cutting off the edges using a slicer.
The reaction product was obtained as air-sensitive, microcrystalline grey powder. The compound was manipulated and stored in a glove box. For the X-ray investigation on flat specimens the powder samples were ground in an agate mortar and glued between two Mylar foils with Apiezon N grease (Sigma Aldrich) in the glove box. PXRD measurements were performed at room temperature with Cu-K α1 radiation (λ = 1.54178 Å) using an image-plate Huber G670 Guinier camera and a germanium monochromator. Rietveld refinement of the PXRD data was performed using the TOPAS software package (Bruker AXS, Germany, version 4.2) (R wp 9.1 %) starting from the published single-crystal data. [4] Multiphase Rietveld refinement calculated the sample to ARTICLE contain ≈ 18 % Cu 2 O. Magnetization was measured in a SQUID magnetometer (MPMS XL-7, Quantum Design) on a polycrystalline piece in magnetic fields up to 7 T. The composition of the sample from the refinement of XRD data was estimated as TlCu 2 O 2 (82.2 %) and Cu 2 O (17.8 %). Since the side phase is diamagnetic, the susceptibility was corrected accordingly (χ (Cu 2 O) = -0.2516 ϫ 10 -6 emu·g -1 [15] ). For the heat capacity measurement, the HC option of a PPMS-9 (Quantum Design) was employed. The raw heat capacity data were corrected for the contribution of the Cu 2 O impurity. The two available data sets in the literature [16] showed some inconsistencies in the overlap region around 20 K. Therefore, the combined data were critically evaluated and the reliable data were then interpolated and subtracted from the raw data.
Supporting Information (see footnote on the first page of this article): Fig. S1 
